Introduction
All electromechanical systems have a limited scope and a fixed lifespan. It is inevitable that at some stage the operators will be required to either adapt a system to satisfy its new requirements or diagnose, troubleshoot and repair in case of faults/failures. Such tasks require that operators and technicians are, not only prepared to know how to successfully identify the requirements of a broad range of systems on hand, but also to have the ability to provide innovative solutions using limited replacements and/or fabrication resources available in low-technology austere environments; for example, for Army or Navy on-field missions, the long logistical supply chains challenge the ability to obtain spare parts in a timely manner and technicians are required to maintain and adapt systems in short time-frame, especially if the systems are mission critical. This paper describes how one can utilize a hands-on pedagogical approach to teach universal principles on which all moderate to highly complex electromechanical systems work. The curriculum, developed using exemplary project kit, provided learners basic foundation and then introduced them to a systematic and all-encompassing process to diagnose, troubleshoot and adapt a broad range of electromechanical systems. A quadcopter was chosen as the exemplary project kit to teach the concepts. A non-linear learning platform was developed to enable learners with various technical backgrounds to learn the information in as efficient manner as possible. After learners were familiar with the system, a variety of failures were introduced in the system and learners were required to diagnose and repair the quadcopter using a systematic process which enabled them to acquire the skills to utilize a broad set of tools and technologies, a subset of which could be available in real-life situations. The curriculum also enabled learners to adapt such systems using pre-existing components of other systems, through manufacture of asdesigned components or through the design and manufacture of new components using additive manufacturing technologies.
The following sections include an overview of the development and implementation of course curriculum and the computer-based learning platform. The data presented are based on two workshops taught to military personnel. These workshops served as a case-study and provided valuable feedback on the pedagogical approach, the learning platform, and curriculum modules. The paper concludes with suggestions for modifications and future applications.
Background
This work was sponsored by Defense Advanced Research Project Agency (DARPA) under Manufacturing Experimentation and Outreach 2 (MENTOR2) program [1] . The program was divided into four focus areas, and work was assigned to multiple contractors by assigning them to one or multiple areas. Our team, henceforth will be referenced as CREATE team, was awarded to perform under two of the four focus areas, which are detailed below with their primary objective.
Project Kits and MOOC Materials:
Under this focus area, performers were asked to develop open-source experimental kits for a small number of exemplary projects that provide materials and guidance, link to previous math and science fundamentals, and allow for individual creative freedom and diverse talents to be exploited in the design and construction of authentic problem-based projects related to understand.
Demonstrations and Evaluations:
Under this focus area, performers were asked to develop a demonstration and test plan that allows for the evaluation of the methods, tools and materials being developed in Focus Areas 1, 2, and 3. The demonstrations were to be carried out at a defense training facility and/or a civilian training facility (e.g., vocational technical school) and/or a non-traditional learning environment (e.g., a Makerspace).
Curriculum
The curriculum is divided into two main sections: 1) electromechanical systems-specific modules which taught core concepts, and 2) quadcopter kit-specific modules which taught how to use those concepts for a particular system's build and repair. 
Pedagogy
The curriculum developed is self-contained, self-paced and is intended to train military personnel without an on-site instructor; allowing them to learn without any time or location constraints. To keep the learners engaged, we sought for a non-linear content delivery platform so that the learners would choose a course map that would fit their needs and prior experience in using and troubleshooting electromechanical systems.
The CREATE team evaluated existing Massive Open Online Course (MOOC) platforms [2, 3, 4, 5, 6] where the training content could reside, upon which it was concluded that none of the existing platforms could meet the desire for a non-linear learning. Each of the existing platforms were designed to progress a learner through a series of sequential lectures, and didn't serve well the desire to allow learners to explore the topic areas and able to switch from one topic to other in an order that best suited them. Also, the military training meant that there was considerable value in ensuring that the videos and associated material could be accessed with limited internet connectivity. Thus, the CREATE team made the decision to develop an independent computerbased learning platform using WordPress [7] which could be accessed online or off-line on a computer using any standard web-browser. Multiple studies have shown that video-based learning helps the learners with attention as well as retention compared to traditional text-based learning [8, 9, 10] . The CREATE team produced a series of short video lectures ( Figure 1 ) which contained just enough information on electromechanical systems to remove the perception of those as "black boxes". Such videos are often found among Do-It-Yourself (DIY) communities and makerspace websites. The topics are presented in an order of increasing complexity, with some topics requiring knowledge of previous topics. For example, the video lectures on motor types requires an understanding of direct and alternating current. However, learners can start with more challenging topics and work backwards when they need to review any topic if they desire. Upon selecting a video lecture topic, learners are given the option to either move directly to the video lecture and other learning content, or they can select to go to "try your knowledge first" section which takes them to an optional pre-quiz which is intended to provide the learners feedback on their understanding of the topics covered in the section. After completing the pre-quiz, learners are directed to the lecture content. The team experimented with multiple formats for delivering the video lectures, ranging from fully animated, to the recording of a whiteboard style lecture. The team determined that two actors ( Figure 2 ) having a conversation on the topic was the most effective means of delivering the information. These conversation style lectures were interspersed with animations and demonstrations, and a paired discussion in front of a whiteboard.
Alongside of the video, each webpage contains a color-coded set of Highlights which help the learners remember key concepts, safety information and provide a reference when it becomes necessary in completing the kit build. For several topics, the text based content is supplemented by interactive elements of the webpage (Fig. 3 ) that allows the learner to examine the topic as an active participant and lets the learner explore without the hesitation that may come from a fear of breaking the equipment or sustaining an injury.
To supplement the learning material, the platform contains a list of relevant links to other useful training materials. Finally, each module contains an optional post quiz, so that learners can determine if they have retained key elements of the topic.
Evaluation: Workshops
Two workshops or demonstrations were carried out at military facilities to evaluate the training material developed. The evaluation instruments developed were formative and summative in nature. The formative evaluation questions probed how effective, efficient, and engaging the curricula/tools were in meeting their objectives. The summative questions measured overall success of the demonstrations in meeting the objectives set forth by DARPA. The evaluation instruments were approved by Georgia Tech's Internal Review Board (IRB) and DoD Human Research Protection Office. The evaluation instruments can be divided in four different survey categories.
1. Registration Survey: to collect the background information and prior exposure; 3. Surveys for the workshop facilitators: These surveys were geared towards assessing the effectiveness of the curriculum and instructional methods from workshop facilitators' perspective.
4. Focus group questionnaire: A focus group collects qualitative data via a semi-structured group interview and results are reported in aggregate.
The two workshops conducted by the GT CREATE team were geared towards promoting how to build, diagnose and troubleshoot an electromechanical system. The details of the workshop agenda are listed in Appendix A.
The workshop participants were asked to follow the self-paced course on the web portal to build the quadcopter using as many lectures as they need to learn the core concepts. Once the kits were assembled and tested, participants were required to solve the diagnostics and repair challenge. In this challenge, multiple failures were introduced by the workshop facilitators, and the participants were then required to diagnose and repair all the failures (non-working electrical components, broken/incorrect wiring, incorrect propeller assembly etc.) within the timeframe of 3 hours.
Additionally, to evaluate the participants' understanding, they were asked to increase the capability of the baseline system requiring them to modify the electronics and rapidmanufacturing based hardware. For example, one team was asked to adapt the baseline quadcopter into a hexcopter in order to lift more payload; the finished build of the hexcopter ( Figure 5 ). Participants were allowed to use a laser cutter machine to print the quadcopter frame components.
Participants
Information was collected using the registration survey to provide insights into the participants. Fig. 6 provides an overview of who was involved at each workshop; it is noted that because of the limited number of responses the information is presented in aggregate to preserve the For workshop 1, when asked if they had experience with quadcopters, only two reported having flown commercially-available versions; the others reported no experience in troubleshooting or building a quadcopter. A follow-up question asked how many hours a week they each spent maintaining/troubleshooting electromechanical systems. Of those responding to the question, two stated 5-10hrs, four stated 1-4hrs, and four participants stated 0 hrs. It is worth noting that no one selected more than 10hrs, highlighting the fact that out of the participants who responded to the question, none have job directly related to handling electromechanical systems.
For workshop 2, participants were asked if they had experience with building and operating quadcopters/3D printers. Majority had never built any, however 75% had experience in operating pre-built drones and 3D printers. Based on open ended statements, it is clear that participants at this workshop were more hands-on with electronics/electromechanical systems which required some knowledge of circuits.
Pre/Post Survey: Concept Questions
For workshop 1, the answers Pre/Post survey multiple-choice questions show a trend of improvement in understanding of the concepts after the workshop (Appendix B). The multiplechoice questions were mainly focused on concepts on basics of electricity, circuits, motors, and quadcopters. From the results, we concluded that even though concepts in circuits, motors and quadcopters had shown positive trend (18 out of 23 questions), answers to electricity-related questions did not show an improvement. There could be several reasons: a) Since the videos were viewed at the participants' discretion, they skipped the basics videos because they were assumed to be not relevant and hence students never learned the concepts 2. The concepts were not properly explained in the video. 3. Interestingly, all the questions which had poor performance required use of some form of an equation, so participants did not remember the equations at the end of the workshop.
For workshop 2, the pre/post surveys were modified to be open-ended but still focused on concepts on basics of electricity, circuits, motors, and quadcopters. Based on the responses, the students were "graded" in four areas, understanding of systems at hand, understanding of technical issue, approach of diagnosing the issue, and understanding on how to fix the issue. The "grading" use a rating from 1 to 5, with 1 being does not understand concepts, no exposure to concepts before, and 5 being Exceptional understanding, should be able to translate to other systems of advanced complexity. The results are summarized in Appendix C. We observed that two out of eight participants already had advanced level of skills in dealing with electromechanical systems, while there were two participants who had no prior background, who did show improvement in their understanding in all four categories.
Pre/Post Survey: Satisfaction Questions
Each of the post surveys included a set of questions to gauge individual satisfaction with the activities of that particular workshop. From the responses, it is clear that participants enjoyed the workshop with 70% -80% of the responses being strongly agree. There was also strong agreement that, because of participation in these workshops, the individuals would like to participate in this type of program again. Most of the participants found the information interesting to them. When asked if the information in the workshops would be useful to them over 80% of them replied agree or strongly agree.
Participants indicate a desire to learn more about electromechanical systems with six of them agreeing or strongly agreeing. Five of the participants would like to learn more about quadcopters; however, three state no interest in learning further about them. Regarding diagnostics & repair techniques, there was no consistent reply and responses ranged from strongly agreed to strongly disagreed to learning further about the techniques. Similarly, the question regarding online learning environments resulted in four participants expressing desire to learn more about this format, while three disagreed and three participants remained neutral.
At workshop 2, the majority of participants indicated that they were confident they would be able to perform these functions with good confidence after taking this workshop. Also, considering that many of the participants would have advanced skillset in such tasks before the workshop, we asked them how would they compare the knowledge before and after. All 8 participants suggested that their understanding improved somewhat or greatly improved in learning how to correctly diagnose a problem and/or determine an appropriate repair. Except one participant, all other agreed that their ability to successfully implement repair also improved. All participants agreed that their skill level improved in area of redesign or adaptation of small electromechanical systems.
Facilitator's Notes
In both workshops, the facilitators' notes yield insight into participants' rank and team dynamics. Information regarding ranking order or specifics of the participants' occupations could not be collected because of restrictions put in place by IRB approval; the number of participants was too low to ensure anonymity if such identifying information were to be collected. In general, the comments from the facilitators reveal that the participants were highly engaged, willing to try multiple tasks and iterations. The comments are summarized in Appendix D.
Focus Group Discussions
The first part of the focus group discussion was concerning the participants' motivation to take part in the workshops. At workshop 1, reasons were across the board. Some participants said that they were interested in learning more about additive manufacturing, some said building quadcopters was something that caught their eye, and some said participating in an event that was conducted by "MIT, Georgia Tech and Stanford folks" was really attractive.
The participants were asked about their overall experience of the workshop curriculum as well as the teaching methods used. In order to understand the efficiency of the eLearning model, the students were asked to strictly follow the videos to learn the content and when student asked any questions, instructors redirected the students to a video that could answer that question. If the question was not answered by any videos on the website, students were given appropriate instructions and the instructors made note of the gaps so that they could be improved in the future. Overall, workshop 1 participants appreciated the eLearning model, for instance, one participant directly stated:
"Trying to just use videos was extremely frustrating at first, but in the end when I could build the quadcopter and troubleshoot it without any instructors' help; there was a sense of accomplishment and overall it made the experience rewarding."
Overall, consensus in the workshop 1 group was that they enjoyed participating in the workshop and learned a lot. All participants agreed that the interactive nature of the workshops was the most impressive and enjoyable feature. One participant summarized by saying:
"I really liked the fact that there were very few to no PowerPoint slides [...] workshops. That kept me engaged through out."
When the participants were asked to comment on their views on the duration of the workshop, they said:
"I think everybody was really engaged in learning the material and so I don't think we felt that eight hour/day for total five days of the training was an issue."
However, all participants agreed that they would have preferred more depth in the workshop curricula. One participant suggested that in the future if some participants lacked the basic background necessary to learn more advanced concepts, they can go over the introductory tutorials ahead of time before the workshops begin.
Finally, we asked the participants whether any technology or content they learned could be applied to their daily job. Their answers varied from applications at MARMC to applications in austere environments, for example, while sailing.
"If the technology is available on ships, viewing videos (visual information) to understand and repair any systems would be very helpful. However, for the Fab workshop, instructor participation was necessary, the self-paced format would have taken way too long."
The focus group for workshop 2 involved all 8 participants. They were eager to share their comments and spoke highly of their experience during the week. Overall, they found the exercises challenging and a good use of their time.
The participants stated that the online modules did provide the content needed for the task at hand. They commented on the level and suggested that the online format provide guidance as to where to start depending on the individual's background.
However, they strongly felt that the presence or access to an instructor was instrumental in their success. Comment included statements such as:
· "everyone learns differently … and instructor can adapt and a computer can't; the instructor can ensure that people don't get stuck and don't give up and that there is a little less frustration … there needs to be frustration because I think that frustration helps the learning process" · "… we had some instances where we built the quadcopters and they worked just find and then [instructor] provided an additional challenge so we kept on learning -without [him] we would have done the barebones"
When asked if they had learned skills or information that would be applicable to their day-today, this participant's comment captures the sentiment well:
· "for this course for me, on the electronics and programming side … I thought it was rocket science … but getting that exposure makes me feel like, it has taken the mystique off it, where I am not as intimidated and I can look for resources, look it up on the internet, program them into a circuit card, solder the wires that previously I wouldn't have been comfortable doing but now I am"
When asked about getting others to use the training materials they expressed that they did foresee others wanting to access content such as what was presented in the workshop. They suggested that organized workshops would work best -with wider reaching advertising so that more individuals are aware. When asked directly if they would recommend the training materials (and workshops) to others including individuals that may work for them -there seemed to be consensus of yes they would.
The conversation wrapped up with comments regarding the type of training and would they foresee it as helping them (or others) to develop skills to maintain, adapt, and repair a system in austere environments. The group expressed that the material is a great way to introduce new concepts to an individual and as a result would lead to improved broader skillset. They expressed that the material served as a primer to instigate interest in learning more. Statements such as: 
Conclusions
Early testing with the course content material has demonstrated the validity of the chosen approach in providing self-paced learning to understand, build, repair and adapt electromechanical systems in austere environments. Learners who have used the course have been able to successfully build and fly a quad-rotor UAV without input from a teacher. Upon discussion after completing the activity, the learners seemed to have retained a large amount of information on electromechanical systems. The demonstrations were conducted at military facilities and the data collection involved use of formative and summative evaluation instruments including Registration Surveys, Pre/Post Surveys, Facilitators' surveys, Satisfaction Surveys, and Focus group sessions. The pre/post surveys provided evidence of effectiveness while showing that there is still room for improvement. Facilitators' observations emphasized the users' engagement and provided rich data for items to address and improve for the workshops and broader dissemination of the content in the future. The participants' satisfaction surveys as well as information collected at the focus group session reveal a consensus that the content used during the demonstrations would indeed be relevant to military personnel in their daily activities. Despite the limited sample size, we believe demonstrations were not only successful in achieving the goal of aiding the developers with the valuable feedback in improving the tools before broader dissemination, but also, they provided insights into the usability and utility of the tools, technologies and curricula developed by the performers.
Introduction to Quadcopter Kit
Online course on about quadcopter components and step-by-step instructions on how to assemble it. Objective is to develop some basic know-how with assembling circuits and mechanical parts, and build confidence in working with these systems.
3 hrs.
Hands-on experiments
Online Lectures with small kit experiments interspersed to give a break from watching the videos and to provide demonstrations of concepts. Experiments include:
Spinning up the motors, changing the controller inputs to vary the speed and direction Flipping the +/-wiring to observe direction change of the motor spin Measuring the voltage/amperage at different points in the setup Using an oscilloscope to visualize the signals Possibility an activity corresponding to lift and controls The final activity is the first quadcopter flight 3 hrs.
Troubleshoot and repair challenge
Failures are introduced in the quadcopters in one or more ways and students are required to troubleshoot and repair the quadcopter to its original functionality. Potential failure include: Break a motor (replace a motor with a broken one) Reverse wiring Damaged control board Break a propeller Dead battery 3 hrs. Q9. When you rotate an electric motor using your hand, you will notice that it won't stay at certain angles; it'll always go into a few resting positions. Why?
Post Pre
The electromagnets have residual magnetic field and resist movement when off.
0% 17%
The grooves in the shaft interfere with electric circuitry 0% 8% The permanent magnets attract the metal parts and don't align in all angles.
50%
50% ↔ Appendix C Table C1 . Ratings used to assess Pre/Post Concept Question Responses for Workshop 2 1 = Does not understand the concepts, no exposure to such concepts before 2 = Familiar with terminology for a particular system, but may not know the systematic approach 3 = Basic understanding of the systematic approach, however may not be able to translate to other systems 4 = Good understanding of the systematic approach, should be successfully able to translate to other systems of similar complexity 5 = Exceptional understanding, should be able to translate to other systems of advanced complexity 
